Considerable evidence indicates that glucocorticoid hormones enhance the consolidation of memory for emotionally arousing events through interactions with the noradrenergic system of the basolateral complex of the amygdala (BLA). We previously reported that intra-BLA administration of a b-adrenoceptor agonist immediately after inhibitory avoidance training enhanced memory consolidation and increased hippocampal expression of the protein product of the immediate early gene activity-regulated cytoskeletal-associated protein (Arc). In the present experiments corticosterone (3 mg/kg, i.p.) was administered to male Sprague-Dawley rats immediately after inhibitory avoidance training to examine effects on longterm memory, amygdala norepinephrine levels, and hippocampal Arc expression. Corticosterone increased amygdala norepinephrine levels 15 min after inhibitory avoidance training, as assessed by in vivo microdialysis, and enhanced memory tested at 48 h. Corticosterone treatment also increased expression of Arc protein in hippocampal synaptic tissue. The elevation in BLA norepinephrine appears to participate in corticosterone-influenced modulation of hippocampal Arc expression as intra-BLA blockade of b-adrenoceptors with propranolol (0.5 lg/0.2 lL) attenuated the corticosterone-induced synaptic Arc expression in the hippocampus. These findings indicate that noradrenergic activity at BLA b-adrenoceptors is involved in corticosterone-induced enhancement of memory consolidation and expression of the synaptic-plasticity-related protein Arc in the hippocampus.
Introduction
Events associated with emotional arousal are typically well remembered. Such memory enhancement involves the release of the adrenal stress hormones epinephrine and glucocorticoids (Cahill & Alkire, 2003; McGaugh, 2004; Roozendaal, McEwen, & Chattarji, 2009; Van Stegeren et al., 2007) . Systemic administration of either epinephrine or the glucocorticoid corticosterone enhances memory consolidation when given immediately after training on a variety of emotionally arousing learning tasks, including inhibitory avoidance, spatial water maze, conditioned taste aversion and object recognition training (Gold & van Buskirk, 1975; Miranda, Quirarte, Rodriguez-Garcia, McGaugh, & Roozendaal, 2008; Okuda, Roozendaal, & McGaugh, 2004; Roozendaal, Hahn, Nathan, de Quervain, & McGaugh, 2004; Roozendaal, Portillo-Marquez, & McGaugh, 1996) . Extensive evidence that blockade of b-adrenoceptors in the basolateral complex of the amygdala (BLA) prevents the memory-enhancing effects of peripherally administered stress hormones, indicates that noradrenergic activity in the BLA is critically involved in enabling stress hormone effects on memory consolidation (Liang, Juler, & McGaugh, 1986; Roozendaal et al., 2009) . There is also considerable evidence that post-training infusions of norepinephrine or b-adrenoceptor agonists into the BLA enhance memory consolidation Gallagher, Kapp, Musty, & Driscoll, 1977; McIntyre et al., 2005; Miranda, LaLumiere, Buen, Bermudez-Rattoni, & McGaugh, 2003; Roozendaal, Castello, Vedana, Barsegyan, & McGaugh, 2008) . Moreover, inhibitory avoidance training increases norepinephrine levels in the BLA and the increase is positively correlated with subsequent memory of the training (McIntyre, Hatfield, & McGaugh, 2002) . Systemically administered epinephrine also increases norepinephrine levels in the brain (Gold & van Buskirk, 1978) including the amygdala (Williams, Men, Clayton, & Gold, 1998) . Although prior studies reported that glucocorticoids interact with the noradrenergic system of the BLA to influence memory consolidation, it is not known whether corticosterone influences norepinephrine levels in the BLA.
Stress hormone and training-induced amygdala activation modulates synaptic plasticity in brain areas engaged at the time of memory consolidation (McGaugh, McIntyre, & Power, 2002) . Noradrenergic activity in the BLA appears to be necessary for mediating stress effects on other brain regions involved in memory, as blockade of b-adrenoceptors in the BLA prevents inhibitory avoidance memory enhancement induced by a glucocorticoid receptor (GR) agonist administered directly into the hippocampus (Roozendaal, Nguyen, Power, & McGaugh, 1999) . Similarly, both GR and b-adrenoceptor activation in the BLA influence hippocampal dentate gyrus long-term potentiation (LTP) (Akirav & Richter-Levin, 2002; Ikegaya, Nakanishi, Saito, & Abe, 1997; Vouimba, Yaniv, & Richter-Levin, 2007) . We previously reported that stimulation of b-adrenoceptors within the BLA after inhibitory avoidance training enhances memory and increases the expression of activity-regulated cytoskeletal-associated (Arc) protein levels in the dorsal hippocampus without influencing Arc mRNA levels (McIntyre et al., 2005) . This finding suggests that amygdala modulation of Arc protein and synaptic plasticity in the hippocampus occurs at a posttranscriptional level.
Hippocampal expression of Arc is known to play a role in the maintenance of long-term plasticity and memory. Inhibition of Arc protein expression with infusions of antisense oligodeoxynucleotides (AS ODNs) into the dorsal hippocampus impairs the maintenance of LTP without affecting its induction (Guzowski et al., 2000; Messaoudi et al., 2007) . Similarly, intra-hippocampal infusions of AS ODNs impair long-term, but not short-term memory for spatial water-maze and inhibitory avoidance tasks (Guzowski et al., 2000; McIntyre et al., 2005) . These findings are consistent with evidence of impaired long-term memory and abnormal synaptic plasticity in transgenic mice lacking the Arc gene (Plath et al., 2006) . The evidence that Arc is translated in synapses in vitro (Bloomer, VanDongen, & VanDongen, 2007; Sanders, Happe, Bylund, & Murrin, 2008; Waung, Pfeiffer, Nosyreva, Ronesi, & Huber, 2008; Yin, Edelman, & Vanderklish, 2002) , suggests that the influence of emotional arousal and stress hormones on memory consolidation involves an amygdala-mediated influence on local translation of synaptic proteins, such as Arc, in hippocampal synapses.
Here, we examined glucocorticoid effects on amygdala norepinephrine levels and hippocampal Arc expression in regulating the consolidation of memory of inhibitory avoidance training. To investigate the effect of corticosterone on amygdala norepinephrine levels, rats were given systemic injections of a memoryenhancing dose of corticosterone immediately after training and norepinephrine levels in the amygdala were measured with in vivo microdialysis and high-performance liquid chromatography (HPLC). Western blot analysis and immunohistochemistry were used to determine whether memory-enhancing corticosterone treatment affects the expression of hippocampal Arc protein. The role of amygdala norepinephrine in mediating corticosterone-induced changes in hippocampal Arc expression was examined by blocking b-adrenoceptors with infusions of propranolol into the BLA immediately following post-training corticosterone treatment.
Materials and methods

Subjects
Two-hundred-and-seventy-nine male Sprague-Dawley rats (250-275 g upon arrival), obtained from Charles River Breeding Laboratories (Wilmington, MA), were housed individually in a temperature-controlled (22°C) colony room, with food and water available ad libitum. Animals were maintained on a 12 h light-12 h dark cycle (7:00-19:00 h, lights on) and kept in the animal colony for 1 week before commencement of surgical or behavioral procedures. All experimental procedures were in compliance with the National Institutes of Health guidelines and were approved by the Institutional Animal Care and Use Committee (University of California, Irvine and University of Texas at Dallas).
Surgery
Rats used in the microdialysis experiment were anesthetized with sodium pentobarbital (50 mg/kg, i.p.), given atropine sulfate (0.4 mg/kg, i.p.) to maintain respiration, and a unilateral plastic guide cannula (CMA 12, Carnegie Medicin, North Chelmsford, MA, USA) for a microdialysis probe was implanted 1 mm above the left BLA [coordinates: anteroposterior (AP), À2.8 mm from Bregma; mediolateral (ML), +4.8 mm from midline; dorsoventral (DV), À6.6 mm below skull surface; incisor bar, À3.3 mm from interaural line (Paxinos & Watson, 2005) ]. Animals for the intra-BLA infusion experiment were anesthetized with isoflurane (1% in O 2 ) (Western Medical Supply) and given atropine sulfate. The skull was positioned in a stereotaxic frame (Stoelting, Wood Dale, Il) and two 15-mm-long guide cannulae (23 gauge; Small Parts, Miramar, Fl) were implanted bilaterally with the tips 2 mm above the BLA (AP, À2.7 mm; ML, ±5.2 mm; DV, À6.4 mm). The guide cannulae were fixed in place with acrylic dental cement and two small anchoring screws. Stylets (15-mm long insect dissection pins) were inserted into each cannula to maintain patency. After surgery, rats were given 2.0 mL of saline to facilitate clearance of the drugs. Rats were allowed to recover for a minimum of 7 days before training.
Inhibitory avoidance
In order to habituate rats to the experimental procedures, they were handled for 2 min per day for five consecutive days before training. They were then trained on an inhibitory avoidance task. The inhibitory avoidance apparatus consisted of a trough-shaped alley (91 cm long, 15 cm deep, 20 cm wide at the top and 6.4 cm wide at the floor) that was divided into two compartments, separated by a manually controlled sliding door that opened by retracting into the floor. The starting compartment (31 cm long) was white and illuminated, whereas the shock compartment (60 cm long) was made of two dark electrifiable metal plates and was not illuminated. The rats were placed in the light ''safe" compartment and allowed to cross to the dark ''shock" compartment. After a rat stepped completely into the dark compartment, the sliding door was closed and a single inescapable footshock (0.32 mA, 1 s) was delivered. The rat was removed from the dark compartment 15 s later and, after drug treatment, returned to the home cage. Some animals received a retention test 48 h after training. During the retention test, rats were returned to the light compartment of the inhibitory avoidance apparatus and the latency to reenter the dark compartment with all four paws (maximum latency 600 s) was measured. Memory of the training experience was inferred from longer crossing latencies on the retention test. No shock or drug was delivered during retention testing. Other rats were sacrificed, either 15 min, 30 min, 45 min, or 1 h after training and drug treatment, and brains were used for analysis of Arc protein expression.
Microdialysis and HPLC
Norepinephrine levels in the amygdala were measured with in vivo microdialysis combined with high-performance liquid chromatography (HPLC) with coulometric detection (ESA Coulochem II, Chelmsford, MA, USA). A dialysis probe (CMA 12, 1-mm membrane tip; Carnegie Medicin, North Chelmsford, MA, USA) was inserted through the guide cannula at least 2 h before baseline samples were collected. Rats were allowed to move around freely in a familiar Plexiglas holding cage with bedding covering the floor during the collection of four baseline samples. Artificial cerebrospinal fluid (in mM: NaCl, 128; KCl, 2.5; CaCl 2 , 1.3; MgCl 2 , 0.998; Na 2 H-PO 4 , 1.3; and glucose, 1.0, brought to pH 6.5 with NaOH) was perfused through 2 m of PEEK tubing (CMA) and the probe at a rate of 1 lL/min. The probe recovery rate was determined in vitro by insertion of the microdialysis probe into a standard solution of norepinephrine. Both standard solution and dialysate were injected into the HPLC to determine the percentage of norepinephrine taken up by the probe. Samples collected from the microdialysis probe were injected automatically through HPLC equipment using an on-line injector (CMA/160) and were analyzed every 15 min. The HPLC system was optimized for detection of norepinephrine (E1 = ±100 mV, E2 = 190 mV, range 10 nA). The mobil phase [ESA Inc., MDTM consisting of 75 mM monobasic sodium dihydrogen phosphate, 1.7 mM 1-octanesulfonic acid sodium salt, 200 mL triethylamine (TEA), 25 mM EDTA and 10% acetonitrile in 10 mM of distilled, deionized water] was pumped (ESA/580) through the HPLC tubing at a flow rate of 0.5 mL/min.
After four stable baseline samples were collected, rats were taken from the holding cage and trained on the inhibitory avoidance task (footshock: 0.32 mA, 1 s). Immediately after training, rats were given a systemic injection of either vehicle or corticosterone (3 mg/kg, i.p.) and were then returned to their holding cages. Some rats were given injections of vehicle or corticosterone (3 mg/kg, i.p.) in the absence of training. Microdialysis sampling continued while animals were trained on the inhibitory avoidance task and for 2 h following the training procedure.
Drug treatment
The adrenocortical hormone corticosterone (3 mg/kg, i.p.; Sigma-Aldrich) or vehicle was injected immediately after inhibitory avoidance training in a volume of 2 mL/kg. Corticosterone was first dissolved in 100% ethanol and then diluted in 0.9% saline to reach its final concentration. The final concentration of ethanol was 5%. The vehicle solution contained 5% ethanol in saline only. This dose was selected on the basis of previous experiments (de Quervain, Hui et al., 2004; Roozendaal, Okuda, Van der Zee, & McGaugh, 2006) .
In some rats, the b-adrenoceptor antagonist DL-propranolol (0.5 lg per 0.2 lL; Sigma-Aldrich) or vehicle was infused into the BLA after training and corticosterone injection. Propranolol was dissolved in a vehicle of 0.9% saline. The infusion needles were 25 gauge microinfusion needles that were attached to 10-lL Hamilton microsyringes by polyethylene tubing . The drug solution was backfilled into the needle and the infusion was driven by a minipump (Harvard Instruments). The injection needle protruded 2.0 mm beyond the cannula tip and a 0.2-lL injection volume was infused over the course of 32 s. Propranolol or vehicle were infused unilaterally into either the left or right BLA (and vehicle in the other hemisphere; Fig. 5A ). Drug and vehicle infusions were counterbalanced across hemispheres in a randomized fashion.
Tissue preparation
Rats were deeply anesthetized with isoflurane (Western Medical Supply) 15 min, 30 min, 45 min, or 1 h after training and drug treatment and brains were rapidly removed and flash frozen by submersion for 2 min in a beaker filled with 2-methylbutane sitting in a dry-ice ethanol bath. Cage control animals given no training were processed identically. The brains from rats given intra-BLA infusions were cut horizontally just above the rhinal fissure and several 40-lm-thick sections were taken with a cryostat, mounted on glass slides and stained with thionin. Brain sections were analyzed under a light microscope to identify the location of infusion. Only brains with needle tracks terminating in the BLA were used for analysis. For Arc comparisons, a cryostat was used to make three 500-lm-thick coronal sections from frozen brain tissue at the level of the hippocampus (À2.3 to À4.0 mm from Bregma) and tissue punches were taken from the Ammon's horn and dentate gyrus regions of the dorsal hippocampus using a tissue punch kit (1.22 mm in diameter), and pooled into one sample with each hemisphere collected separately. The tissue punches were stored at À80°C for later Western blot analysis. For immunohistochemistry, a cryostat was used to take eight 20-lm-thick sections of frozen brain tissue at the level of the dorsal hippocampus in between the 500-lm-thick sections, for a total of 24 sections, and mounted on Superfrost (Fisher Scientific) glass slides so that a brain from each treatment group was on each slide with its position on the slide counterbalanced between treatment groups.
Synaptoneurosome preparation
The tissue punches from one hemisphere were homogenized with a nylon pestle, 16 strokes, in 70 lL homogenization buffer solution [in mM: NaCl, 124; KCl, 5; CaCl 2 Á2 H 2 O, 0.1; MgCl 2 Á6 H 2 O, 3.2; NaHCO 3 , 26; glucose, 10; pH 7.4, containing 20% protease inhibitor cocktail (Sigma-Aldrich), and 10% protease inhibitor cocktail II (Sigma-Aldrich)]. After homogenization, the total volume was brought to 500 lL with the homogenization buffer. The homogenate was backfilled into a 1-mL syringe then filtered through three layers of 100 lm nylon mesh (Small Parts) inside a 13-mm syringe filter holder (Pall Life Sciences). The filtered solution was backfilled again into a 1-mL syringe and filtered through a 5-lm pore nitrocellulose filter (Sigma-Aldrich) inside a 13-mm syringe filter holder. The final filtered solution was centrifuged at 10,000 g for 10 min at 4°C. The supernatant was removed and the pellet was resuspended in 50 lL cold homogenization buffer.
Protein assay and immunoblotting
For whole dorsal hippocampal homogenate fractions, the frozen tissue punches were sonicated in a buffer containing 0.1 M phosphate buffer, pH 7.4 [containing 10% glycerol, 20% protease inhibitor cocktail (Sigma-Aldrich), and 10% protease inhibitor cocktail II (Sigma-Aldrich)]. Total protein concentrations from both whole hippocampal homogenate and synaptoneurosome fractions were determined using a Qubit fluorometer and Qubit protein assay kit (Invitrogen). Homogenate and synaptoneurosome fractions containing approximately 15 lg total protein were heated in a sample buffer with a reducing agent (Invitrogen), loaded and then run on 4-12% Bis-Tris MIDI gels (Invitrogen). Tissue from each condition was loaded onto each gel. The gels were then electroblotted to a nitrocellulose membrane using an iBlot dry-blotting system (Invitrogen). Membranes were then washed in Tris-buffered saline (TBS: 150 mM NaCl/100 mM Tris base, pH 7.5) and incubated with primary antibodies diluted in blocking solution (5% Carnation nonfat dry milk in TBS-Tween) overnight at 4°C. The primary antibodies were anti-Arc (rabbit polyclonal; 1:5000, Synaptic Systems) and anti-actin (rabbit; 1:3000, Sigma-Aldrich). To verify the separation of synapses from cell somas in the synaptoneurosome preparation, blots were also probed with the primary antibody for the nuclear protein, acetyl-H3 (rabbit; 1:3000, Millipore). To measure the efficiency of the synaptoneurosome procedure, blots were also probed with the primary antibody for the synaptic protein, PSD-95 (rabbit; 1:500; Pierce) in order to determine the amount of synaptic enrichment. On the next day, the membranes were incubated with a secondary HRP-linked antibody (goat anti-rabbit; 1:4000, Millipore) for 1 h. Immunoreactivity was detected using chemiluminescence (ECL Western Blot Kit; Pierce). Invitrogen markers were run on all gels to determine the relative mobility of the immunoreactive bands. For densitometric quantification of these results, the films were scanned and converted into TIF files for analysis with NIH Image J software.
Immunohistochemistry
The brain slices were fixed in 2% paraformaldehyde, washed in TBS, and quenched in 2% hydrogen peroxide. They were then blocked in NEN-PerkinElmer blocking agent and incubated overnight with Arc primary antibody (1:2000, Synaptic Systems). The next day, the slides were incubated with the secondary HRP-conjugated antibody (goat anti-rabbit, 1:3000, Millipore). The antibodies were detected with a cyanine-3 substrate kit (CY3 Direct FISH; PerkinElmer Life Sciences) and counterstained with DAPI (Molecular Probes, 1:500) as a nuclear stain. Images were acquired on a Zeiss Axio Imager fluorescence microscope.
Statistical analysis
Inhibitory avoidance retention latencies were analyzed with two-sample t-tests to make pair-wise comparisons between the vehicle-injected and corticosterone-injected groups. Norepinephrine levels in the microdialysis samples were normalized by comparing each sample to the individual rat's average level of norepinephrine in the four samples taken before training (baseline). Differences in the mean percentage of baseline norepinephrine between and within groups were analyzed using a repeatedmeasures ANOVA with Fischer's post hoc tests. A Pearson correlation test was used to evaluate the relationship between norepinephrine values during training and retention latencies in individual rats. For Western blot densitometry results, Arc was normalized to actin and this ratio was then normalized to that from a cage control sample run on the same gel to account for film variation. Finally, those ratios were expressed as a percentage of the corresponding vehicle control group. For rats receiving BLA infusions, the Western blot densitometry results were expressed as a ratio of Arc to actin and were then expressed as a ratio of the drug-infused hemisphere to the vehicle-infused hemisphere (or a ratio of the left hemisphere to the right hemisphere if the rat received a bilateral vehicle infusion). Finally, those ratios were expressed as a percentage of the bilateral vehicle control group. The percentages were then compared using a Student's t-test to make pair-wise comparisons between drug groups. A probability level of p < .05 was considered significant. Data are presented as mean ± SEM.
Results
Immediate post-training systemic injections of corticosterone enhance inhibitory avoidance retention latencies and increase training-induced norepinephrine levels in the BLA
Systemic injections of vehicle or corticosterone (3 mg/kg, i.p.) were given immediately after inhibitory avoidance training. Training latencies did not differ between the two treatment groups: 11.9 ± 3.0 s for the vehicle group and 20 ± 5.9 s for the corticosterone group (t(15) = À1.09; p = .30). A two sample t-test for 48-h retention latencies revealed a significant drug effect (t(15) = À3.44; p < .01). Mean retention latencies of the vehicle-treated group (n = 7) were 29.6 + 7.1 s and those of the corticosterone group (n = 10) were 312.6 + 68.0 s (Fig. 1) .
To examine whether post-training corticosterone administration increased norepinephrine levels in the BLA, microdialysis was performed in some of the vehicle-and corticosterone-treated rats used in the behavioral experiment above. Norepinephrine levels were measured during and after inhibitory avoidance training and corticosterone injection ( Fig. 2A) . A repeated-measures ANOVA for norepinephrine levels (percentage of baseline) in 15-min samples taken from rats trained on the inhibitory avoidance task revealed a significant drug effect (F 1,10 = 2.72; p < .01). Fisher's post hoc tests indicated that norepinephrine levels in the corticosterone (n = 6) group were significantly higher than those of vehicle-treated (n = 5) animals in the first 15-min sample following training (p < .001) and were positively correlated with 48-h retention latencies (r = 0.8; p < .01). No significant differences in norepinephrine levels were observed between vehicle (n = 4) or corticosterone (n = 4) treated animals in the absence of inhibitory avoidance training (F 1,7 = 1.24; p = .27; Fig. 2B ).
Systemic corticosterone administration after inhibitory avoidance training increases Arc protein expression in hippocampal synaptic fractions
Hippocampal Arc protein expression has been shown to peak in the hippocampus 1 h after spatial exploration in a novel context (Ramirez-Amaya et al., 2005) . To determine the effect of corticosterone administration after inhibitory avoidance training on synaptic Arc protein expression, separate groups of rats were trained on the inhibitory avoidance task and sacrificed 15 min, 30 min, 45 min, or 1 h after immediate post-training injections of vehicle or corticosterone (3 mg/kg). Fig. 3 shows the Western blot data expressing Arc protein levels in synaptoneurosome fractions from the dorsal hippocampus for the different time points. A two sample t-test did not reveal a significant difference in Arc protein expression between the vehicle-and corticosterone-injected animals at 15 min (vehicle, n = 7, corticosterone, n = 8; t(13) = À.98; p = .35) or at 30 min (vehicle, n = 6, corticosterone, n = 8; t(12) = .17; p = .87) after training and injections. However, a two sample t-test did reveal a significant difference in Arc protein expression between the vehicle-and corticosterone-injected animals at 45 min (vehicle, n = 4, corticosterone, n = 7; t(9) = À2.28; p < .05) and 1 h after training (vehicle, n = 7, corticosterone, n = 8; t(13) = À2.30; p < .05). Therefore, all subsequent experiments examined Arc protein Fig. 1 . Effect of immediate post-training corticosterone (3 mg/kg, i.p.) treatment on 48-h inhibitory avoidance memory retention latencies. Corticosterone-treated rats (n = 10) had significantly longer retention latencies than did the vehicle-treated rats (n = 7; **p < .01). Results represent mean + SEM for latency in seconds. expression in the hippocampus 1 h after training and injections. Increased Arc protein immunoreactivity was observed in dorsal hippocampal slices taken from corticosterone-injected rats as compared to vehicle-injected animals (Fig. 4A) . Although there was a significant corticosterone-induced increase in Arc protein expression in synaptoneurosome fractions, a two sample t-test did not reveal a significant difference in Arc expression in whole dorsal hippocampus homogenate from the vehicle and corticosterone-injected animals (vehicle, n = 18, corticosterone, n = 22) (t(38) = À1.53; p = .14). Fig. 4B and 4D shows the Western blot data expressing Arc protein levels in the hippocampus for synaptoneurosome fractions collected 1 h after training. There was a significant effect of corticosterone on Arc protein expression when paired with training, but corticosterone administered to nontrained rats did not increase Arc expression above the levels seen in the vehicle-injected group in synaptoneurosome fractions (vehicle, n = 7, corticosterone, n = 8; t(13) = 0.09; p = .93; Fig. 4C ). The nuclear protein acetyl-H3 was present in the whole homogenate, but not in synaptoneurosomes, indicating that there was no nuclear contamination of the synaptic fractions (Fig. 4E) . Moreover, there was a 5-fold enrichment of the synaptic protein, PSD-95, in the synaptoneurosome fractions compared to the whole dorsal hippocampus homogenate (Fig. 4F) .
Noradrenergic blockade in the BLA attenuates the corticosteroneinduced hippocampal Arc protein expression
There is extensive evidence that glucocorticoid effects on memory consolidation enhancement require noradrenergic activity within the BLA (Ferry & McGaugh, 2000; Quirarte et al. 1997; Roozendaal, Okuda, Van der Zee, et al., 2006; Roozendaal, Quirarte, & McGaugh, 2002; Roozendaal, Okuda, de Quervain, & McGaugh, 2006) . Moreover, noradrenergic activity in the BLA is required to mediate inhibitory avoidance memory enhancement induced by direct infusions of a GR agonist into the hippocampus (Roozendaal, Nguyen, et al., 1999) . To examine whether the corticosterone-induced increase in hippocampal synaptic Arc expression after inhibitory avoidance requires concurrent noradrenergic activity in the BLA, the b-adrenoceptor antagonist propranolol (0.5 lg in 0.2 lL) or vehicle were infused unilaterally into either the left or right BLA (and vehicle into the other hemisphere), immediately after inhibitory avoidance training and systemic administration of corticosterone (3 mg/kg) ( Fig. 5A-C) . Arc protein expression was reduced in synaptoneurosome fractions taken from the dorsal hippocampus that was ipsilateral to the intra-BLA propranolol infusion site. The percentage of Arc protein levels of rats given injections of corticosterone followed by intra-BLA infusions of propranolol was significantly lower than that of rats given injections of corticosterone followed by bilateral vehicle infusions (propranolol/vehicle, n = 10, vehicle/vehicle, n = 7; t(15) = 2.57; p < .05; Fig. 6A and B) .
Discussion
The major findings of the present experiments are that a memory-enhancing dose of corticosterone administered systemically after inhibitory avoidance training, (1) increased norepinephrine levels in the amygdala and, (2) increased the expression of the plasticity-associated protein Arc in hippocampal synapses. Additionally, intra-BLA infusions of the b-adrenoceptor antagonist propranolol attenuated the corticosterone effect on hippocampal Arc expression when administered at a dose that blocks corticosterone-induced enhancement of memory. These results support the Norepinephrine levels (mean ± SEM) are expressed as a percentage change from average baseline levels. (A) Corticosterone treatment (n = 6; 3 mg/kg, i.p.) significantly increased norepinephrine levels in the amygdala of animals trained on an inhibitory avoidance task compared with vehicle-injected animals (n = 5; *p < .001). (B) No difference was observed in corticosterone-or vehicle-injected animals (n = 4; n = 4 respectively) that were not trained on the task. hypothesis that glucocorticoids interact with noradrenergic mechanisms in the BLA to influence hippocampal synaptic plasticity and memory consolidation.
The present microdialysis data are consistent with previous evidence that norepinephrine release in the BLA is increased following inhibitory avoidance training. Inhibitory avoidance training with a relatively high footshock produces a 200-300% increase in norepinephrine (Hatfield, Spanis, & McGaugh, 1999; McIntyre et al., 2002; Quirarte, Galvez, Roozendaal, & McGaugh, 1998) . In the current experiments, a lower footshock intensity was used so that the control animals would not demonstrate either evidence of longterm memory or any substantial increase in BLA norepinephrine release. However, importantly, the training paired with injections of corticosterone resulted in a 200% increase in norepinephrine levels as well as a robust enhancement of inhibitory avoidance memory. Further the increase in amygdala norepinephrine during the first 15 min after training was significantly correlated with 48 h retention latency. It is possible that the corticosterone injection increased the synthesis or release of norepinephrine by binding to glucocorticoid receptors (GR) in the nucleus of the solitary tract (NTS), locus coeruleus or amygdala. In support of the notion that GR activation enhances the synthesis and/or release of norepinephrine, intra-BLA infusions of a b-adrenoceptor antagonist blocked the memory-enhancing effects of an intra-NTS GR agonist infusion (Roozendaal, Williams, & McGaugh, 1999) . However, in another re-port, administration of corticosterone following training on an object recognition task did not alter phosphorylated tyrosine hydroxylase immunoreactivity in the BLA (Roozendaal, Okuda, Van der Zee, et al., 2006) , suggesting that corticosterone may not enhance memory consolidation through the modulation of local norepinephrine synthesis in the BLA. Thus, the observed elevation may instead be due to an effect of corticosterone on the reuptake of norepinephrine, such as that observed in the medial prefrontal cortex (Grundemann, Schechinger, Rappold, & Schomig, 1998) .
Our previous research demonstrated that immediate post-training intra-BLA infusions of clenbuterol, a b-adrenoceptor agonist, modulate hippocampal Arc expression (McIntyre et al., 2005) . The present finding that memory-enhancing corticosterone treatment increases norepinephrine levels in the amygdala suggests that corticosterone may influence hippocampal Arc expression through stimulation of b-adrenoceptors in the BLA. However, there is also a high density of GRs in the hippocampus and it is known that both stress and corticosterone influence hippocampal synaptic plasticity (Diamond, Park, & Woodson, 2002; Korz & Frey, 2003; Pu, Krugers, & Joëls, 2007; Yamada, McEwen, & Pavlides, 2003) . To determine whether activation of BLA b-adrenoceptors is involved in corticosterone-enhanced hippocampal Arc expression, we administered the memory-enhancing dose of corticosterone together with intra-BLA infusions of vehicle or the b-adrenoceptor antagonist propranolol immediately after inhibitory avoidance training. The dose of propranolol used in the present experiments blocks the memory-enhancing effect of systemic administration of stress hormones, without otherwise impairing memory (Ferry, Roozendaal, & McGaugh, 1999; Quirarte et al., 1997; Roozendaal, Okuda, de Quervain, et al., 2006; Roozendaal, Nguyen, et al., 1999; Roozendaal et al., 2004; Roozendaal, Okuda, Van der Zee, et al., 2006) . In the present experiment each rat served as its own control: vehicle was infused into the BLA of one hemisphere and propranolol into the BLA of the other hemisphere, and Arc expression was compared in the dorsal hippocampus across the two hemispheres. This paradigm is useful in studies examining immediate early gene expression, as variability across animals may obscure subtle differences (McIntyre et al., 2005) . Arc protein expression was consistently lower in synaptoneurosomes from the dorsal hippocampus ipsilateral to the BLA propranolol infusion than in the side ipsilateral to the vehicle infusion. The percentage of Arc expression to the control was significantly lower in rats that received intra-BLA infusions of propranolol than rats that received infusions of vehicle. These findings suggest that stimulation of badrenoceptors in the amygdala is required for the full effect of corticosterone on the expression of hippocampal synaptic-associated proteins and provide further support for a general role for the amygdala in the modulation of synaptic plasticity in efferent brain regions. Consistent with the view that arousal-induced b-adrenoceptor activation of the amygdala is required for hippocampal Arc expression, administration of corticosterone in the absence of inhibitory avoidance training did not enhance hippocampal Arc expression.
According to the time course of Arc expression in hippocampal synaptoneurosomes, protein levels peak at roughly the same time after training and corticosterone treatment as that seen in the whole hippocampus after exploration of a novel context (Ramirez-Amaya et al., 2005) . No difference in hippocampal Arc expression was observed at the 15-min time point despite the elevation in amygdala norepinephrine levels at that time. This is consistent with our previous finding that clenbuterol infusions into the BLA increased hippocampal Arc levels 45 min later. The time required before measureable differences in Arc protein levels were detected suggests that newly synthesized proteins contributed to the observed elevation.
A great deal of attention has been paid to the transcription of Arc because it is dynamically regulated, and the transcript appears in stimulated dendrites (Lyford et al., 1995; Steward, Wallace, Lyford, & Worley, 1998) . Training in many types of memory tasks increases Arc mRNA and protein levels in the hippocampus (Guzowski, Setlow, Wagner, & McGaugh, 2001; Huff et al., 2006; Kelly & Deadwyler, 2002; McIntyre et al., 2005; Montag-Sallaz & Montag, 2003; Soule et al., 2008) . Substantial in vitro findings indicate that the Arc transcript in the post-synaptic density is translated locally and can be initiated by electrical stimulation or application of various neuromodulators (Bloomer et al., 2007; Sanders et al., 2008; Waung et al., 2008; Yin et al., 2002) . Whereas research findings indicate a role for Arc transcription in vivo and synaptic translation in vitro, a role for local translation in vivo has not been established.
As Arc is translated in synapses in vitro, we hypothesize that the effect of emotional arousal and stress hormones on memory consolidation involves an amygdala-mediated influence on local translation of synaptic proteins, such as Arc, in hippocampal synapses. Whereas Arc expression appears to be greater throughout the dorsal hippocampus of corticosterone-treated rats vs. controls, a significant difference was measured only in tissue prepared for the synaptoneurosome assay. The absence of a significant effect in the whole cell preparation may be due to variability across individual animals and ''noise" within the whole dorsal hippocampus homogenates. However, the significant effect observed in tissue enriched with synapses indicates that corticosterone-induced differences in Arc expression are present at the synapse.
The findings presented here support the hypothesis that Arc translation can be regulated at hippocampal synapses in vivo. How- ever a direct observation of local protein synthesis is not presently accessible in the intact brain of a behaving animal and, thus, alternative explanations such as stress-induced modulation of transport or turnover of Arc protein cannot be excluded. It is unlikely that Arc is the only plasticity-related protein to be modulated by stress hormones. We previously reported that stimulation of BLA b-adrenoceptors did not affect hippocampal cFos expression, suggesting that the BLA modulation of hippocampal plasticity may involve a specific subset of immediate early genes or proteins (McIntyre et al., 2005) . Transcripts for these proteins may be transported in the same granule or these proteins may share the same translational repressor, for example. Perhaps amygdala-modulated hippocampal plasticity proteins preferentially influence proteins with internal ribosomal entry sites (Pinkstaff, Chappell, Mauro, Edelman, & Krushel, 2001) . These possibilities remain to be examined.
The results of the present experiments demonstrate that systemic corticosterone administration immediately after training on an inhibitory avoidance task increases amygdala norepinephrine levels, enhances long-term memory, and increases expression of the plasticity-associated protein Arc in hippocampal synapses. These findings are consistent with the view that emotional arousal and stress hormones modulate memory through an interaction with b-adrenoceptors in the BLA, which subsequently influences plasticity at efferent synapses. Memory influenced by BLA actions likely involves many brain regions, proteins and signaling cascades. Here we have detected an amygdala-modulated change in the plasticity-related protein Arc in hippocampal synapses. Western blot densitometry values for Arc were normalized to actin, expressed as a ratio of the drug-infused hemisphere to the vehicle-infused hemisphere (or ratio of leftright hemisphere for bilateral, vehicle-infused rats), and are finally expressed as a percentage of the bilateral control group. For propranolol-treated rats (n = 10), the percentage of Arc expression was significantly lower in hippocampal synaptoneurosome fractions than in synaptoneurosome fractions taken from bilateral vehicle-treated rats (n = 7; *p < .05). Data are presented as mean + SEM. (B) Immunohistochemistry illustrates a moderate reduction in Arc staining in the hippocampus ipsilateral to the intra-BLA propranolol infusion. Here, the reduction appears to be greater in the dentate gyrus and CA3 regions, however this pattern was not reliably observed. (C) 20Â magnification of the CA1 region of the dorsal hippocampus reveals a reduction in Arc staining in the dendritic regions of the hippocampus ipsilateral to the intra-BLA propranolol infusion.
